Correlative light-electron microscopy (CLEM) unifies the versatility of light microscopy (LM) with the high resolution of electron microscopy (EM), allowing one to zoom into the complex organization of cells. Most CLEM techniques use ultrathin sections, and thus lack the 3D-EM structural information, and focusing on a very restricted field of view. Here, we introduce photonic chip assisted CLEM, enabling multi-modal total internal reflection fluorescence (TIRF) microscopy over large field of view and high precision localization of the target area of interest within EM. The chip-based direct stochastic optical reconstruction microscopy (dSTORM), and 3D high precision correlation of biological processes by focused ion beam-scanning electron microscopy (FIB-SEM) is further demonstrated. The core layer of the photonic chips are used as a substrate to hold, to illuminate and the cladding layer is used to enable high-precision landmarking of the sample through specially designed grid-like numbering systems. The landmarks are fabricated on the cladding of the photonic chips as extruding pillars from the waveguide surface, thus remaining visible for FIB-SEM after resin embedding during sample processing. Using this approach we demonstrate its applicability for tracking the area of interest, imaging the 3D structural organization of nano-sized morphological features on liver sinusoidal endothelial cells such as fenestrations, and correlating specific endo-lysosomal compartments with its cargo protein upon endocytosis. We envisage that photonic chip equipped with landmarks can be used in the future to automatize the work-flow for both LM and EM for highthroughput CLEM, providing the resolution needed for insights into the complex intracellular communication and the relation between morphology and function in health and disease.
220 nm thickness). The use of HIC materials also enables tight confinement of the light inside the photonic-chip. Moreover, the spatial frequencies of the evanescent field illumination are determined by the refractive index of the material (n=2.05 for Si3N4) and are thus higher than can be generated even by the oil immersion objective lens (n=1.49). Thus, chip-based microscopy/nanoscopy provides a unique opportunity of imaging large FOV supported by low magnification objective lens while keeping the resolution supported by the high spatial frequencies supported by the HIC waveguide material.
These properties were harnessed for multi-modal nanoscopy, including chip-based implementations of dSTORM (direct stochastic optical reconstruction microscopy)1,3, TIRF-structured illumination microscopy (TIRF-SIM)4, and light fluctuation based optical nanoscopy, such as ESI (entropy based super-resolution imaging)1 (See Supplementary Information "Chip-based nanoscopy"). Notably, chipbased dSTORM demonstrated an optical resolution of 72 nm over an extraordinarily large FOV, 0.5 mm x 0.5 mm, and chip-based TIRF-SIM showed resolution enhancement of 2.4X which surpassed the resolution supported by conventional TIRF-SIM5.
Here, we extend the utility of the photonic-chip illumination towards 3D correlative light electron microscopy (CLEM). This is demonstrated by combining chip-based TIRF and dSTORM with FIB-SEM to demonstrate wide-field imaging, super-resolution nanoscopy and 3D-EM for cell biology, using a single photonic-chip. Correlative light and electron microscopy (CLEM) are widely used techniques, from light microscopy on living samples6 to on-section CLEM7. It has been performed on chemically fixed8, as well as frozen9 samples and scales from virus10 up to cells in mouse brain11. Light microscopy (LM) benefits from the availability of a large variety of contrast mechanisms to collect functional, dynamic and specific information using targeted fluorescence labelling methods. Moreover, LM has a larger FOV as compared to EM enabling screening of large sample sets ensuring capturing of localized events such as rare events or addressing heterogeneous subpopulations. On the other hand, EM brings complementary high-resolution down to nanoscale. For the best results in CLEM experiments, data from different modalities should be registered with the highest possible precision. This is normally achieved using reference points visible in both modalities, i.e. fiducial markers12, which is cumbersome due to challenges related to the location position of the point of reference from one microscopy platform to another, and due to the fluorescence loss upon the use of chemical fixation and heavy metals during EM sample preparation.
To overcome the challenges related to the point of reference location, we designed a special grid-like numbering (landmarks) on the surface of the entire photonic-chip ( Figure 1A and Supplementary Information "Chip fabrication") in the form of silicon dioxide pillars (cladding layer).
While the thickness of the waveguide layer is only 150 nm, the landmark height is 1.5 µm. The aim here is to make the landmark visible during SEM imaging, after the sample is further stabilized by a thin layer of resin, needed for processing in the FIB-SEM ( Figure 1C ). This allows precise and fast localization of the cell of interest in the SEM (Supplementary Information "Landmark visibility").
The detailed chip fabrication process can be found in the Supplementary Information "Chip fabrication". The thickness of stripe waveguides made of Si3N4 material was 150 nm and the width ranging from 10-1000 µm. Between waveguides, a 300 nm tall absorbing reduces stray light from neighbouring structures. A cladding of 1.5 µm SiO2 shields the guiding structures from absorbing impurities close to the input. At the imaging area, the cladding was removed to seed the cell directly on top of the waveguide surface. In the imaging region, a coordinate (numbering) system out of cladding material is designed on top of the absorbing layer ( Figure 1A , Supplementary Information "Chip fabrication" and "Landmark visibility"). Each point of these landmarks consists of a square with 5 µm side length followed by a letter for a specific waveguide and a continuous numbering system. Each number is 10 pixels in size with a physical pixel size of 2 µm. The photolithography enables global landmarking across the entire 4-inch wafer with a high fabrication accuracy of 1 µm. The experimental set-up to perform chip-based optical nanoscopy is discussed in the methods section and in the Supplementary Information "Chip-based nanoscopy". To demonstrate the photonic-chip based CLEM methodology and its applicability in cell biology, we used primary rat liver sinusoidal endothelial cells (LSECs). These cells are a very specialized type of endothelial cells, with unique morphology and function, and represent a perfect tool for nanoscopy13. Their extensive cytoplasm contains many trans-membrane pores (fenestrations) of approximately 50-200 nm in diameter, typically grouped together in so called sieve plates14, 15. In a normal liver, the fenestrations function as a sieve, retaining the blood cells in the sinusoidal lumen, and allowing molecules smaller than the size of the fenestrae, such as metabolites, plasma proteins, pharmaceutical drugs, lipoproteins and small chylomicron remnants, viruses and exosomes to pass through and access the underlying hepatocytes15, 16. Besides their filtration role, LSECs have an extraordinary endocytic capacity, effectively scavenging the blood from a variety of physiological and non-physiological waste macromolecules and nanoparticles17. The cells recognize and internalize circulating macromolecules, which are then rapidly trafficked and efficiently degraded in the endolysosomal compartment. Here, we used the photonic chip to demonstrate its applicability for visualization and correlation of the LSEC fenestrations and endocytosis using TIRF and dSTORM, and subsequently, FIB-SEM.
To this end, LSECs, which are adherent cells, were seeded directly onto the photonic chips, and incubated with formaldehyde-treated serum albumin (FSA), a well characterized protein for the endocytosis in LSECs18,which we tagged with AF647 for LM visualization. Two hours post incubation, the cells were fixed and prepared for TIRF/dSTORM imaging. Knowing that the next step is FIB-SEM, where the best ultrastructural preservation is needed, cell permeabilizing reagents were not used. We were thus restricted to the use of dyes compatible with fixation and that can penetrate the phospholipid layer of the membrane or enter the cell without permeabilization of the membrane envelope, i.e. the actin stain (Phalloidin 488) and the membrane stain (CellMask OrangeTM). Further, a resin with appropriate viscosity (90 % Durcupan) as applied in the final infiltration step (see Supplementary Information "Work flowchart"), which was removed as much as possible before polymerisation in order to leave the landmarks on top of the photonic-chips visible19, was used ( Figure 2E , Supplementary Information "Landmark visibility"). Additionally, we needed to optimize the sample preparation in order to preserve the ultrastructural features undamaged. This was done by using a Ted Pella microwave with a temperature control unit (Cold Spot) in the EM processing protocol10 to allow cooling down the sample in order to avoid overheating the cells while processing. Using these two approaches combined, the cell of interest is approached from the top for electron microscopy while the landmarks are showing through the resin layer ( Figure 1D ).
As a result of imaging using chip-based TIRF and dSTORM, followed by FIB-SEM of selected cells of interest, we were able to visualize and correlate in 3D the structural organization of the fenestrations on LSECs, and to correlate the endocytosed cargo with its specific endo-lysosomal compartments ( Figure 2 and Figure 3 ). Figure 2 shows the landmarked waveguide carrying the LSECs, where multi-color chip-based TIRF images were acquired to visualize plasma membrane (in green), endocytic vesicles (in red), and actin filaments (in blue). Brightfield and fluorescence signals were used to scan at low magnification (4x or 20x) for targeting highly endocytic cells showing most intact cytoplasm, see Supplementary Information "Landmark visibility". After locating a cell of interest, brightfield (Figure 2A ), chip-based TIRF ( Figure 2B -C, Figure 3B , 3E-F) or chip-based dSTORM images ( Figure 3D ) were taken at higher resolution simply by changing the collection objective to 60x, 1.2 NA ( Figure 3A -C, Supplementary Information "Large FOV and multiplexing"). Upon the completion of the LM imaging, the cover glass and imaging chamber were removed and the sample thoroughly fixed using EM methodology (see Supplementary Information "Work flowchart"). The landmarking enables us to target very precisely individual cells and acquire close to isotropic datasets of the cells with a pixel size of 5 nm x 5 nm x 8 nm (Figure 3 , Supplementary movie S1). Figure 3 shows that the structures identified by light microscopy (Figure 3 A, E, H) could be correlated to endosomes/lysosomes and fenestrations in the electron microscopic images. This was visualized after thresholding in Amira (FEI) and looking at the x/z surface (for fenestrations) and at the x/y slicing plane (for the internal organelles). The endocytosed FSA visualized by TIRF (red in Figure 3E ) was correlated to its internalization compartments, the endosomes and lysosomes (dark blue and light blue in Figure   3H ), while the non-resolved dark-green areas on the cell membranes seen in TIRF ( Figure 3E) shown to be the sieve plates containing dozens of fenestrations, as demonstrated and correlated after performing FIB-SEM ( Figure 3G ). From Figure 3G and 3H one could appreciate that the endocytic processes only occurs in the areas between the fenestrated sieve plates. This is most likely due to the lack of sufficient cytoplasmic volume within the sieve plates to accommodate endocytic machinery such as clathrin coated pits, endosomes and lysosomes. This is further supported by the difference in (Olympus) at a modular microscope system (Olympus BXFM). The microscope equipped with a filter wheel (Thorlabs, through home-made adaptor) with a notch and a long pass filter (AHF) for each laser wavelength, where the magnification-free tube directed the light to a sCMOS camera (Orca-Flash 4.0, Hamamatsu). As the waveguides are multimode at the excitation wavelengths, the illumination pattern by the coupling objective at focal distance is highly inhomogeneous. This interference between the modes can be heavily reduced towards a more homogeneous distribution by oscillating the coupling objective along the input facet of the waveguide (see Supplementary Information "Homogeneous illumination with multimode waveguides"). After imaging, the coverslip and PDMS frame were Image post-processing. The following image post-processing steps were performed in Fiji24. The image stacks were aligned using TrackEM225, cropped and inverted. Following a smoothing step, the 3D segmentation of the fenestration was performed using thresholding in Amira (Thermo Fisher). The individual organelles were segmented in IMOD26.
Supplementary Note "Chip-based nanoscopy"
Total internal reflection fluorescence (TIRF) microscopy makes use of evanescent field-based illumination to limit the excitation and detection of fluorophores to a thin region of the specimen. Typically generated using a specialized TIRF objective lens at the surface of a glass coverslip, the evanescent field will reach to about approximately 100-200 nm into the sample from the surface. The evanescent field excitation significantly improves the axial spatial resolution by only illuminating a thin section. Moreover, by removing fluorescence signal from outside the focal plane, the signal-to-noise ratio is significantly improved. Compared to epi-illumination, the evanescent illumination significantly decreases phototoxicity as well as bleaching of fluorophores27.
Recently, optical waveguide chips have been introduced as an alternative for large field-of-view (FOV), multimodal TIRF microscopy2 and optical nanoscopy platform1, 3, 4 .The light coupled into an optical waveguide is totally internal reflected at the interface boundary of the core-cladding. A part of the guided light is made available on top of the waveguide surface as non-propagating evanescent field. This evanescent field is harnessed to illuminate the sample placed on top of the waveguide surface. By using high-refractive index contrast waveguide material and thin waveguide geometry, high intensity in the evanescent field on top of waveguide surface can be achieved. Waveguides made of silicon nitride and tantalum pentoxide have been demonstrated to achieve a surface intensity of about 1-10KW/cm2, allowing for single molecule localization (SLM) techniques such as dSTORM (direct stochastic optical reconstruction microscopy) to perform super-resolution imaging through evanescent fields which reach approximately 200 nm into specimens. By using dSTORM on a chip, a resolution of 75 nm over a field of view of 500 x 500 µm2 was reported3.
Supplementary Information "Landmark visibility"
Landmarks were used as a coordinate system in optical (Figure S2A -C) and electron microscopy ( Figure  S2D-E) . Figure S2A -C shows the high contrast of landmarks under brightfield illumination at 4x, 20x, and 60x magnification, respectively. High contrast and thus visibility allow for easy position readout. Figure S2D -E are scanning electron microscopy images of different chips after the resin step, showing resin thickness variations that can occur after centrifugation and polymerization. Despite different degrees of visibility, the landmarks can still be identified in the scanning electron microscope. 
Supplementary Information "Chip fabrication"
The photonic chips were manufactured through standard photolithography at the Institute of Microelectronics Barcelona (IMB-CNM, Spain). The scheme in Figure S3 depicts only the small section of a single waveguide for better visualization. 1 mm thick, 4" silicon wafers were used as substrates ( Figure S3A ). First, a SiO2 layer with a thickness of approximately 2 µm was thermally grown on the surface ( Figure S3B ). 150 nm of Si3N4 were deposited using low-pressure chemical vapour deposition (LPCVD) at 800°C ( Figure S3C ) followed by thermal annealing at 600°C. Photolithography was employed to pattern the waveguide geometry, with reactive ion etching (RIE) defining the etch depth ( Figure S3D ). The remaining photoresist was removed, and 200 nm SiO2 followed by 100 nm polycrystalline silicon deposited by plasma-enhanced chemical vapour deposition (PECVD) at 300°C. These 300 nm of material were patterned by RIE (first 200 nm) and hydrofluoric acid (last 100 nm) as channels beside the waveguides (10 µm gap between waveguide and absorbing layer walls) ( Figure S3E ). Such structures are meant to reduce cross-illumination between neighboured waveguides, of special importance for shallow rib waveguides with low light confinement. For strip etched, multimode waveguides they mostly help towards raising the total height of the landmark structures. Finally, 1.5 µm of SiO2 were deposited for the cladding layer (PECVD). Taller layers were avoided to prevent high stress in the layer and because of the slow deposition process. Photolithography is performed with RIE down to 100 nm of material and hydrofluoric acid for the remaining SiO2 thickness. An area of 13 x 14 mm was so left exposed at the center of the chip with landmark structures placed on the absorbing layer along the direction of light propagation ( Figure S3F ). The wafers were diced with a precision saw to chips of approximately 2-3 cm side length and polished with abrasive discs of 1 µm and 0.5 µm grit size (Buehler). Optical characterization of 1.5 µm wide waveguides exhibited less than 1dB/cm loss at 660 nm, approximately 2 dB/cm loss at 561 nm and approximately 10 dB/cm loss at 488 nm2. 
Supplementary Note "Endocytosis of FSA by LSECs"
FSA was tagged with AF647 (red) for visualization. The LSECs seeded on the photonic-chip were incubated with AF647-FSA, 50 µg/ml for 15 minutes at 37°C. Unbound AF647-FSA was washed off with PBS and the cells incubated for an additional 2 h at 37°C. At the end of the incubation time, the cells were fixed. Subsequently, staining for actin using phalloidin (blue) and for cell membrane using CellMask (green) was performed. The chips were then imaged by waveguide-based TIRF. Figure S4 :
The FSA is seen accumulated in the perinuclear regions in lysosomes. Figure S4 : Chip-based TIRF images showing actin (phalloidin, blue), cell membrane (CellMask, green) and the localization of endocytosed FSA (AF647, red) after being endocytosed by the cells.
Supplementary Note "Work flowchart"
The flowchart below provides an overview of the processing steps from chip preparation, cell seeding and staining, light microscopy imaging, sample preparation for electron microscopy and FIB-SEM imaging. Figure S5 : Work flowchart.
Supplementary Information "Large FOV and multiplexing"
Making use of a waveguide chip as a substrate and illumination source decouples the typical dependence between excitation and collection optics. It offers generation of evanescent field without the necessity of a specialized high magnification/numerical aperture TIRF lens, enabling free choice of imaging objective. This property is of advantage for large field of view TIRF-imaging applications. Here, an isolated LSEC cell was made out from the membrane stain channel under 4x magnification, after which a 60x image was taken (Fig. S6) . For conventional, objective-based TIRF setups, multicolor imaging is cumbersome as it requires repositioning of the beam to fulfill the total internal reflection condition when changing between excitation wavelengths. The waveguide setup allows for easy multiplexing, as an achromatic coupling lens will provide the same beam spot for coupling between different laser lines without the necessity of mechanical adjustments. As propagation losses in the waveguide are higher for shorter wavelengths, compensation in the illumination intensity might be necessary. It was however observed that the intensity of the fluorophore stain had at least a similar influence in the signal to noise ratio. 
Supplementary Information "Waveguide setup"
A scheme of the setup is shown in Figure S7 A Laser beams at three conventional bioimaging wavelengths (561 nm 500 mW and 660 nm 500 mW-Cobolt, 488 nm 200 mW -Oxius) are expanded to slightly overfill the back aperture of the coupling objective (Olympus, 50x / 0.5 NA). The laser beams are aligned using dichroic mirrors (Edmund Optics) towards the coupling objective mounted on a 3 axis flexure stage featuring piezo motors (Thorlabs Nanomax). The waveguide chip is mounted on a separate 3 axis flexure stage (Thorlabs Nanomax) with a vacuum chuck (Thorlabs) to hold the chip. A modular microscope setup (Olympus BXFM) mounted on motorized translation stages for two axis translation (Thorlabs) provides brightfield illumination and acquires images at different magnifications (4x, 20x / 0.45 NA, 60x / 1.2 NA water immersion, all Olympus). High magnification is used with a z-piezo system (PIFOC, PI) for fine adjustment. A homemade adapter holds a cage filter wheel (Thorlabs) between the microscope body and the tube (1x). For each excitation wavelength, a long pass and a band pass filters were used (488 LP and 520 ± 36 nm, 561 LP and 591 ± 43 nm, 664 LP and 692 ± 40 nm, AHF Analysentechnik), and the images recorded with an sCMOS camera (Hamamatsu Orca Flash). Figure S7 : Waveguide setup A) Experimental-set-up for waveguide-based optical micro/nanoscopy. B) Waveguide chip with mounted PDMS frame and coverslip sealing the imaging region. C) Single-mode fiber pigtailed to waveguide facet as an alternative objective-based coupling method, which could be useful for integrated CLEM.
Supplementary Note "Homogeneous illumination with multimoded waveguides"
Recently, for Si3N4 waveguide platform operating at visible wavelengths, a single condition carrying only the fundamental mode was demonstrated using a rib waveguide geometry3 for 150 nm thick and 1.5 µm wide Si3N4 waveguides. Adiabatic tapering can increase the width of the structures for imaging, but required taper length for widths of hundreds of micrometers would be of several millimetres2. In this work, we employed stripe geometry creating multimoded waveguides. The presence of multiple modes creates interference patterns and so uneven illumination on the surface. This can be reduced by scanning the coupling beam over the waveguide width ( Figure S8 ) and averaging the mode beating pattern generating a uniform image4. This allows for the use of waveguide structures of several hundreds of micrometers in width. Figure S8 : Left: Multimode waveguides provide uneven illumination through interference patterns between modes. These patterns can be varied when moving the coupling beam along the input facet. Right: Averaging images of these mode variations results provide an almost homogeneous illumination pattern.
